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Abstract Organic amendments can improve soil quality
which has knock-on environmental and agronomic ben-
efits. However, the use of new and emerging organic
amendments such as biochar and brown coal waste
(BCW) in soil systems requires continuous holistic as-
sessments for robust consensus building in their environ-
mental and agricultural applications. To examine the
application of BCW and woodchip biochar (BIO) in
agroecosystems, secondary data from literature on envi-
ronmental (soil, air and water) aspects were compiled
with primary agronomic data from a 3-year
multicropping field trial and collated with supplementary
data on economic factors (e.g. cost and availability). For
the field trial, replicated plots were amended with FYM
(for comparative reasons), BCW and BIO at 30, 24.2 and
12.8 for t ha–1, respectively, with and without NPK and
cultivated in a cropping sequence of maize, potato and
barley. At the end of each season, soils were
characterised for pH, cation exchange capacity (CEC)
and fertility (macronutrient contents) in addition to nutri-
ent uptake, nutritional quality and yield of crops. Com-
pared with FYM, biochar and BCW were found to be
associated with greater improvements in soil quality (e.g.
building of soil structure and C sequestration) and knock-
on water and air quality benefits mainly facilitated via
increased cation retention and humic-linked sorption
which abated gaseous emission and mitigated nutrient
and heavy metal leaching. These along with variable
improvements in soil chemistry, fertility and nutrient
uptake in the agronomic field trial accounted for in-
creased mean crop yield across treatments (higher with
NPK): FYM (32.7 and 71.7%), BCW (33.5 and 60.1%)
and BIO (21.8 and 48.2%). Additionally, biochar and
BCW have lower pollutant (e.g. heavy metals) contents
and were found to provide additional sustainability and
net abatement cost-benefits. While the agronomic bene-
fits of biochar and BCW were slightly lower compared
with that of FYM, their lower environmental footprints
and associated sustainability benefits are clear advan-
tages for their adoption in environmental and agricultural
applications.
Keywords Carbonised organic amendments . Soil
quality . Multicropping field trial . Soil productivity .
Slow nutrient release . Sustainability
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1 Introduction
Biochar and brown coal waste (BCW) have high contents
of carbon (C), recalcitrant organic detritus and humic
acids equipped with extensive sorption capacities which
are comparable to other activated carbon alternatives (Qi
et al. 2011; Soria et al. 2020). Thus, biochar and BCW
improve soil quality by increasing organic matter (OM)
content and sorption capacity, which enhance soil aggre-
gation, C sequestration, microbial activity, nutrient reten-
tion and pollutant (e.g. heavy metals) immobilisation with
knock-on effects on water and air quality (Ouyang et al.
2013; Li et al. 2018; Amoah-Antwi et al. 2020a; Pranagal
and Kraska 2020). The enhanced structure, retention and
slow chemical release capacities of soil can have variable
positive effects on CO2, N2O, NH3 and CH4 fluxes to and
then soil nutrient, heavy metal and organic pollutant
fluxes to water along surface and near-surface pathways
with significant consequences on climate change and
water quality (Rose et al. 2016; Saha et al. 2018; Li
et al. 2019). The reductions in N and P leaching following
biochar and BCW amendment are particularly well-
documented in coarse-textured soils, and these have addi-
tional positive implications for the productivity of
cropping systems (Yao et al. 2012; Liu et al. 2017).
Indeed, owing to their unique inherent properties,
different types of biochar and BCWwhen applied to soil
at specific rates can yield additional short- to long-term
soil benefits (e.g. build soil organic matter (SOM) stocks
and stimulate fungal diversity) which may directly influ-
ence resource availability and soil productivity (Bekele
et al. 2015; Amoah-Antwi et al. 2020a). Evidence of the
long-term benefits (e.g. increased soil C content and
nutrient retention) of adding charred biomass or coal
products to soil can be traced back to the ‘terra preta’
soils in the Amazon basin (500–2500 years ago) which
still maintain a considerably high soil productivity after >
1000 years of land abandonment (Lehmann 2007; Schulz
and Glaser 2012). However, this has not been tested in
empirical long-term studies, and thus, current under-
standing is mainly drawn from short-term studies
(Eprikashvili et al. 2016; Syuhada et al. 2016).
Several studies have investigated the soil, air and water
quality benefits of biochar, but consensus on its effects on
soil productivity is still lacking as there have been reports
of mixed crop yield responses ranging from insignificant,
minor or extreme negative and positive effects (Jeffery
et al. 2017; Chen et al. 2018; Tisserant and Cherubini
2019). On the other hand, the literature on the impact of
BCW amendment on crop productivity is sparse. Howev-
er, inference drawn from the effects of BCW on attendant
growth parameters (e.g. germination indices) or the effects
of derivatised BCW applications provides exploratory ev-
idence of potential productivity benefits (Leszczyńska and
Kwiatkowska-Malina 2011; Eprikashvili et al. 2016).Con-
sequently, some BCW-derived humates are promoted
commercially as plant growth stimulants, but their impacts
on nutrient cycling and crop yield are reportedly discrepant
(Little et al. 2014). Again, most researchers have assessed
biochar and BCW use in independent environmental (e.g.
gaseous emissions and nutrient leaching) and agricultural
contexts (e.g. soil fertility and crop yield), with limited or
no connection to the associated economic factors (e.g. cost
and availability) (Li et al. 2018; Tisserant and Cherubini
2019; Amoah-Antwi et al. 2020a). A holistic assessment
of biochar and BCW which combines these three aspects
in the context of sustainability will be useful for evidence-
backed risk-benefit analysis by stakeholders including
farmers, environmental scientists, policymakers and regu-
lators (Fig. 1).
The objective of the present study was to holistically
assess the use of new and emerging high C organic
amendments, i.e. biochar and BCW, in environmental
and agricultural applications linked with economic fac-
tors to guide their adoption as alternatives to conven-
tional organic amendments (e.g. FYM). Primary agro-
nomic data from a 3-year multicropping field experi-
ment examined the effects of a single application of
woodchip biochar (BIO) and BCW on selected soil
chemical properties (cation exchange capacity (CEC)
and pH), nutrient cycling, C sequestration and soil pro-
ductivity (i.e. yields of corn, potato and barley). As
farmyard manure (FYM) is a standard organic amend-
ment used in these cropping systems, it was used for
comparative reasons. In addition, secondary data on the
environmental aspects (soil, air and water) were com-
bined with data on economics, sustainability, long-term
sustainability, application requirements and safety com-
pliance to support the selection and application of bio-
char and BCW in agroecosystems.
2 Materials and Methods
2.1 Secondary Environmental Data
Secondary data were collated to assess the effects of
biochar, BCW and FYM amendment of soil on
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environmental aspects in cropping systems using the
keywords: biochar, brown coal waste, lignite, organic
amendments, soil quality, sustainable agriculture, soil
productivity and crop productivity to find appropriate
literature. Altogether, data from a total of 38 peer-
reviewed papers were selected from a wide range of
results. Firstly, data on the impact of biochar, BCW
and FYM on the physical, chemical and biological
properties of soil were assessed and then collated with
that on the knock-on effects (positive, neutral or nega-
tive) on water and/or air quality.
2.2 Primary Agronomic Experimental Data
2.2.1 Site Description
The research was carried out at the Skierniewice Exper-
imental Station in central Poland (20°34′E 51°58′N) for
three seasons from 2017 to 2019. The region has an
average annual total precipitation of 528 mm with high-
ly variable mean monthly precipitation— highest from
April to August—and an annual average temperature of
7.9°C. According to the World Reference Base for Soil
Resources (WRB 2015), soil from this site is classified
as a Haplic Luvisol with loamy sand texture (7% clay,
6% silt, 87% sand).
The experimental area was previously cultivated
(two seasons before the trial with triticale) and had a
clover cover that was cleared mechanically prior to the
present study. Before setting up the experiment in 2017,
routine characterisation indicated that soil was acidic
(pH 5.07) with low macronutrient contents (0.70% total
N, 39.52 mg kg–1 available P and 60.74 mg kg–1 avail-
able K) and 0.79% total C. The exchangeable bases
(2.54 Ca, 0.28 Na, 1.44 K and 0.88 Mg cmol kg–1)
and CEC (5.14 cmol kg–1) were also determined in
addition to specific surface area, SSA (0.75 m2 g–1),
bulk density (1.75 g cm–3) and water holding capacity
(27% m/m).
2.2.2 Field Trial
The commercially available biochar (BIO), obtained
from Fluid Spółka Akcyjna, Poland, was derived from
conifer woodchips by flash pyrolysis at 280°C with a
temperature increase of 10°C min–1 and residence time
of 10 min. This technology enabled a stable autothermal
anaerobic carbonisation of biochar feedstock material at
an average temperature above 260°C. The low energy
requirements ensure a more sustainable and low-cost
production of biochar for soil use. The BCW material
which had a moisture content of 34% was collected
from the Bełchatów Coal Mine (central Poland). The
FYM was prepared from straw and cow dung and had a
moisture content of 78%. Typically, in multicropping
systems, FYM is applied along with NPK once a year.
Based on other studies (Kwiatkowska-Malina 2015;
Weng et al. 2017), biochar and BCW would only be
applied once or twice in a 10-year cycle.
The trial used a 4 × 2 × 3 factorial combination which
comprised four treatments (unamended control, FYM,
BCW and BIO) and two levels of NPK (0 and recom-
mended dosages), replicated three times and maintained
throughout the 3-year experimental period. Overall,
there were 24 experimental plots (5 m × 2.5 m) which
were separated from one another by a 0.3-m path. All
organic amendments were applied to soil on plots with-
out tillage according to the content of C in 30 t ha–1 of
FYM (equivalent to 24.2 t ha–1 for BCW and 12.8 for t
ha–1 BIO) once throughout the experimental trial 2
weeks before planting in the first season. Granulated
inorganic fertilisers were added once every season to
corresponding plots by broadcasting at the recommend-
ed dosages (NPK 90:26:91 kg ha–1) 1 week before
planting crops. In the first year (2017), maize (Zea
mays) was sown in late April with a spacing of 75 cm
× 25 cm and harvested in early August. Potato (Solanum
tuberosum) was planted the following year in lateMarch
and harvested in late July. Barley (Hordeum vulgare)
was sown in late April 2019 and harvested in late July.
The trial was conducted under rainfed conditions, and
therefore, no irrigation was required.
After harvesting at the end of each season, crop
yields were determined on dry matter (DM) basis. Fol-
lowing this, six cylindrical soil cores (~1.5 m apart)
were randomly collected from each plot (to a depth of
30 cm) using a soil column cylinder auger (length ×
diameter = 50 cm × 5 cm). Once extracted, soil cores
from the same plot were pooled together, stored in a
polythene bag and transferred together with plant sam-
ples to the laboratory for chemical analyses.
2.2.3 Plant Analyses
Plant analyses were performed to provide data on the
nutritional quality of crops and nutrient cycling (along
with crop yield data). Plant samples composed of the
aboveground portion (2 cm above soil surface) of five
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plants per plot for maize and barley and five potato
tubers were randomly selected during harvesting and
shaken to dislodge residual soil. In addition to grains,
the blade portions of leaves beneath the uppermost ear
of each maize plant were collected, whereas 5-cm units
of barley straw were sampled for further analyses. Po-
tatoes were washed and split into four sections each. All
samples were oven-dried at 60 °C for 48 h and milled to
pass through a 2-mm sieve. Total C, N and S contents
were determined by dry combustion with a Vario Micro
Cube elemental analyser (Elementar Analysensysteme
GmbH, Germany) using 0.2-g samples. One-gram sam-
ples were digested by aqua regia (3:1 v/v of concentrat-
ed HCl:HNO3) for the determination of K, Mg and Ca
by atomic absorption spectrometry (AAS) and P by the
vanadate-molybdate colorimetric method (Sedberry
et al. 1987).
2.2.4 Analyses of Soil and Organic Amendments
Analyses of soil and organic amendments were per-
formed to obtain data on C sequestration, soil fertility,
soil reaction, CEC, and metal contents of the organic
amendments. The soil and organic samples were air-
dried for three days, passed through a 2-mm sieve and
stored for further analyses. The pH of soil and organic
amendments were measured in respective 1:2.5 and
1:20 KCl (1 M) suspensions using a pH metre (Schott,
SI Analytics GmbH, Germany). The pH of soil was
converted into hydrogen ion concentration [H+] for
analysis of variance using the formula:
Hþ½  ¼ 10−pH ð1Þ
However, mean comparisons of pH were made using
the original experimental data. For soil pH < 7, the sum
of the base cations: Ca2+, Mg2+, Na+ and K+ (BCsum) is
less than the estimated CEC due to the presence of
significant amounts of acidic cations (e.g. Al3+ and
H+). Therefore, considering the acidic nature of the
experimental soil, hydrolytic acidity (Hh) was used to
determine the sum of acidic cations in soil by Kappen’s
method in 1 M (CH3COO)2Ca. The BCsum was deter-
mined in 1 M CH3COONH4 at pH 7.0. The CEC of soil
was calculated as:
CEC ¼ BCsum þ Hh ð2Þ
The CEC of organic amendments was determined as
BCsum following the above procedure. The total C, N
and S contents of soil and organic amendments were
measured by a CNS elemental analyser (Vario Micro
Cube, Elementar Analysensysteme GmbH, Germany).
The plant-available K, Mg, Ca and P contents of soil
were determined by the Mehlich-3 method (Mehlich
1984; Kulhánek et al. 2014) due to its relative suitability
to acidic soils than other methods (e.g. the Olsen test).
The organic amendments were digested by aqua regia,
and the total K, Mg, Ca and heavy metal (Cd, Pb and
Zn) contents were determined by AAS and P by the
vanadate-molybdate colorimetric method as described
Fig. 1 Approach for holistic
assessment of biochar and brown




  106 Page 4 of 25 Water Air Soil Pollut         (2021) 232:106 
above for the plant samples. The SSA of the organic
amendments was analysed using the Brunauer-Emmett-
Teller (BET) method to assess the portion of the total
surface area of the material available for sorption
(Batista et al. 2018).
2.2.5 Statistics
Statistical analyses were done only for data obtained
from the primary agronomic trial, i.e. pH, CEC, C
content and nutrient (N, P, K, Ca, Mg and S) contents
of soil, nutrient (N, P, K, Ca, Mg and S) uptakes and
contents of plant (maize, potato and barley) tissues and
then yield (of maize, potato and barley).
The dataset was analysed for differences between
means of variables using ANOVA, and their interac-
tions were determined using the Tukey HSD post hoc
test. Pearson’s correlation coefficient was used to deter-
mine relationships between selected variables measured
from corresponding seasons. All soil parameters were
determined by analysing the factors, ‘treatment’ and
‘year’ and their interactions, whereas ‘organic treat-
ment’ and ‘NPK addition’ and their interactions were
used for analysing crop yields and contents of nutrients
in plant tissues. All statistical analyses were carried out
using R software (version 1.3.959), while graphs were
plotted with R and GraphPad Prism (version 8.4.3).
2.3 Holistic Assessment of Primary and Secondary Data
Both primary and secondary data sources were collated
and tabulated for biochar, BCW and FYM. Finally,
economic factors, each with subfactors, were introduced
to finalise the holistic assessment. These were: (i) re-
source availability and cost, (ii) safety compliance and
(iii) application and sustainability. Local availability and
on-site production of organic amendments reduce the
associated transportation and in situ storage needs re-
quired to make them low-cost options and therefore
considered important selection criteria (Arthurson and
Jäderlund 2011). There are additional sustainability and
cost-saving benefits associated with the use of high C
and soil-stable organic amendments which can be
realised through their reduced soil application rate (C
equivalent) and frequency needs. The high moisture and
pollutant contents of most organic amendments (e.g.
slurry and sewage sludge) have led to low safety com-
pliance and health concerns which have hampered their
worldwide acceptance (Bai et al. 2013; Nag et al. 2020).
Thus, screening of organic amendments with low eco-
logical footprints was considered as essential as their
agronomic benefits.
3 Results and Discussion
3.1 Secondary Data
Increasing the SOM content is key to soil amelioration
strategies and often the basis for the enhanced structural,
hydrological and chemical responses of soil to organic
amendments including biochar, BCW and FYM. Due to
the high porosity and C contents of biochar and BCW,
they can considerably enhance C sequestration which
improves the physical properties of soil (Amoah-Antwi
et al. 2020a). For instance, the reported increases in the
aggregate stability of loam soils from amendment by
variable biochar types (woodchip, wheat straw and vine-
yard prunings) were as high as 98% in coarse-textured
soils. These were accompanied by maximum increases
of 38% and decreases of 13% in available water capacity
and bulk density, respectively (Burrell et al. 2016).
Likewise, BCW dust used to rehabilitate a post-mining
silt loam to agronomic functionality resulted in in-
creased soil porosity (19.6%) and reduced bulk density
(22.5%) along with improvements in available water
and field air capacities (Kołodziej et al. 2020). Improve-
ments in soil structure from FYM amendment disappear
quickly due to the high turnover of its labile OM pro-
portion; otherwise, the short-term benefits are compara-
ble to those of biochar or BCW (Amoah-Antwi et al.
2020a).
Compared with FYM, the OM and humic acids from
biochar and BCW are more soil-stable and characterised
by diverse aromatic functional groups which possess
ancillary chemical retention and slow-release mecha-
nisms, with far-reaching positive implications for heavy
metal and nutrient dynamics in soil (Kwiatkowska-
Malina 2015; Amoah-Antwi et al. 2020a). Preliminary
studies in a series investigating the utility of biochar and
BCW as soil amendments showed these materials to be
promising for mitigating Cd, Pb and Zn bioavailability
(max. 69.9, 64.3 and 17.7%, respectively) in multi-ele-
ment–contaminated soils (Amoah-Antwi et al. 2020b).
Due to the stability of organometallic complexes formed
from biochar and BCW amendment, their application
for soil remediation has become very attractive (Krol-
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Domańska and Smolinska 2012; Nzediegwu et al.
2019).
Biochar and BCW can increase nutrient retention
through sorption by humic acids in the topsoil leading
to reduced subsoil nutrient stock, thus controlling and
potentially mitigating nutrient leaching, especially from
coarse-textured soils, to groundwater (Haider et al.
2017). For example, maximum reductions of 34.0,




respectively, from a sandy soil were found following
biochar amendment (Yao et al. 2012), whereas BCW
amendment increased N retention in a loamy sand,
thereby reducing NO3
– and NH4
+ leaching by over 20
and 40%, respectively (Rose et al. 2016). Additionally,
due to the high concentration of OM in the topsoil, most
of the excess soil nutrients remain bound in their organic
complexes and are slowly released over time for plant
use, thus limiting their emission from soil (Saha et al.
2018). Consequently, biochar can reduce NH3
volatilisation by a maximum of 71%, and BCW has
been shown to reduce N2O emission by 40% (Mandal
et al. 2016; Rose et al. 2016). Blending or enrichment of
biochar and BCW with inorganic fertilisers reportedly
facilitates greater retention and slow release of both
native and appended soil nutrients, which enhances
nutrient use efficiency while offsetting potential envi-
ronmental pollution (Saha et al. 2018; Kizito et al.
2019). However, blending BCWwith urea and biosolids
has been found elsewhere to induce metal leaching and
gaseous emissions (Paramashivam et al. 2016), and
therefore, further studies are needed to determine the
environmental feasibility of composite BCW (and bio-
char) applications.
Taken together, the carbonised amendments, biochar
and BCW, are porous and have higher contents of soil-
stable OM and humic acids with stronger sorption and
slow-release mechanisms for various soil compounds
compared with FYM. These make biochar and BCW
more efficient for the following:
& Improving the structural and physical properties of
soil
& Immobilising heavy metals and other pollutants in
soil, thus reducing their bioavailability
& Reducing the emission of greenhouse gases and
NH3 from soil
& Mitigating nutrient leaching into groundwater and
runoff into nearby water bodies
3.2 Primary Data
3.2.1 Soil Chemistry (pH and CEC) and C
Sequestration
There were significant effects of the experimental factors,
treatment and year, as well as their interaction on soil pH
(analysed by [H+]) (Fig. 2). Throughout the study, [H+]
increased with the FYM amendment, thus leading to
reductions in soil pH which on the other hand was in-
creased (by approx. 0.10 pH units) in the BIO treatments
due to reduced [H+]. The BCW amendment increased
[H+] in the first year, which then gradually declined in
successive years leading to marginal soil pH increases in
the third season, compared with the control. The addition
of NPK to treatments significantly reduced soil pH across
all treatments throughout the trial, indicating that amend-
ments had very little controlling effects on soil pH which
then diminished under further acidification. Continuous
cropping and the seasonal losses of salts via leaching can
increase soil acidity, and this is highly probable consider-
ing the loamy sand texture of the studied soil. Organic
amendments can replace these salts and reduce H+ and
Al3+ concentrations through liming which can increase
soil pH by up to 0.5 units yearly or pH buffering by
enhancing surface adsorption or chelation with organic
compounds (e.g. phenols) (Martinsen et al. 2014;
Syuhada et al. 2016). The BIO used in this study was
alkaline, and therefore, the resulting liming in the BIO
treatments, even if weak, was expected. However, there
were no liming effects fromFYM, and thismay have been
due to the release of organic acids from labile OM de-
composition (Aziz et al. 2017) which resulted in lower soil
pH even when compared with the more acidic BCW.
Despite this, the pattern of pH ([H+]) changes in the
carbonised treatments, especially the BIO, is encouraging,
and the weak responses could also be due to the strong
buffering properties of the acidic Haplic Luvisol
(Kwiatkowska et al. 2008).
There were no significant treatment effects on CEC
although trends show a higher tendency of BIO, follow-
ed by BCW, to increase CEC compared with FYM.
Given the low initial CEC of the studied soil, organic
amendments were expected to increase base cations
which would have resulted in substantial increases in
CEC. However, significant CEC increases can take
regular organic amendments over an extended period
to develop in acidic soils (Fig. 3). Two factors control
soil CEC: a permanent charge bespoke to the crystal
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structures of the clay minerals and a soil pH-dependent
charge resulting from ionisation of H+. The pH-
dependent charges can be influenced by OM input but
do not develop well at pH < 6 and thus fail to signifi-
cantly influence the effective CEC of acidic soils
(Coleman and Mehlich 1957; Dębska et al. 2002).
Hence, considering that the studied soil was acidic and
had high contents of acidic cations which firstly required
neutralisation by base cations from the organic amend-
ments, the lack of CEC reductions is promising from a
long-term perspective for nutrient retention.
The effect of ‘year’was significant on the total soil C
content, whereas nonewas found from ‘treatment’ or the
interaction of the two factors (Fig. 4). After OM input in
soil, the decomposition of the labile fractions leads to a
positive priming effect involving the mineralisation of
native soil C which may result in a temporary decline of
the total C content (Zimmerman et al. 2011) comparable
to the observation in the second year of this study,
especially as amendments were not reapplied. Although
some studies have reported much higher biochar-
induced positive priming (Luo et al. 2011), some
(Kuzyakov et al. 2009) also found minor effects similar
to our observation even though insignificant. Following
this, a slow C turnover phase proceeds until a new
equilibrium is established after which potential increases
of the C content can be expected (Zhang et al. 2017b).
Variable outcomes using different organic amendments
have been found in terms of the long-term projections of
soil C balance beyond the equilibrium phase. For exam-
ple, Clark et al. (1998) reported that increases in soil C
content frommanure application were only evident after
4 years compared with the substantial biochar-induced
negative priming effect found after 8.2 years by Weng
et al. (2017). Increases in soil C content from the BCW
amendment were observed only after 2 years by Dębska
et al. (2002) and 1 year by Kwiatkowska-Malina (2015),
who also found after 7 years that C levels had declined
from the 1-year highs, albeit significantly higher relative
to the unamended control. Given the equivalent
amounts of C added to soil across treatments, the inher-
ently higher pools of recalcitrant C in the carbonised
amendments, especially in BIO, may suggest higher soil
C sequestration potentials and long-term soil quality
benefits. Yet, significant soil C stocks along with soil
pH and CEC increases may take several years to build
for which BCW and BIO can provide advantages over
FYM.
3.2.2 Soil Fertility
There were no significant treatment effects on the total
N content, but significant differences were found from
the factor ‘year’, leading to marginal reductions in total
Fig 2 Effects of organic amendment on soil pH for three cropping
seasons (2017–2019). Control, unamended treatment; FYM, farm-
yard manure; BCW, brown coal waste; BIO, conifer woodchip
biochar; NPK, mineral fertiliser; FYM+NPK, farmyard manure
and NPK; BCW+NPK, brown coal waste and NPK; BIO+NPK,
conifer woodchip biochar and NPK. Bars represent mean ± stan-
dard error of treatment, n = 3. Different letters indicate significant
differences (p < 0.05) between treatments
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N in the second year (Fig. 5). These trends were similar
for plant-available P, except that in this case the reduc-
tions occurred in the third season (Fig. 6). Soils with low
N or P levels are generally more responsive to amend-
ment than those with higher levels. In the present study,
the initial soil N was lower, whereas P was higher
Fig 3 Effects of organic amendments on cation exchange capacity
(CEC) of soil for three cropping seasons (2017–2019). Control,
unamended treatment; FYM, farmyard manure; BCW, brown coal
waste; BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
Fig 4 Effects of organic amendments on the total C content of soil
for three cropping seasons (2017–2019). Control, unamended
treatment; FYM, farmyard manure; BCW, brown coal waste;
BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
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compared with the minimum thresholds (0.1% total N
and 5 g mg–1 available P) proposed by Chen et al.
(2018), and therefore, relatively stronger N and weaker
P responses were expected. However, it takes time to
build an adequate soil nutrient retention capacity (e.g.
via increased specific or non-specific adsorption for P or
exchangeable sorption for N), and therefore, the possi-
bility of N or P leaching in the studied soils cannot be
discounted. The macronutrient contents of BIO and
BCW were low and perhaps also limited their capacity
to influence P and N cycling as also shown by other
studies (Tahir et al. 2011; Tran et al. 2015; Griffin et al.
2017). Charred and coal biomass, compared with fresh
OM sources, are slow releasers of both native and
sorbed nutrients due to their lower OM mineralisation
rates (Rose et al. 2016; Liu et al. 2017). The nutrient
release dynamics also depend on the formation or pro-
duction conditions of the organic amendment, especial-
ly temperature. For example, pyrolysis can volatilise
about 25% of the N pool of biochar, while P is also
lower in high-temperature biochars (Zhang et al. 2017a;
Tisserant and Cherubini 2019). The low-temperature
biochar used in this study made the two most essential
macronutrients relatively more available than would be
in the case of a high-temperature biochar. Also, higher
coalification processes produce BCW with lower nutri-
ent and water contents (O’Keefe et al. 2013; Amoah-
Antwi et al. 2020a), and the BCW used in this study
based on its moisture content of 34% and low levels of
nutrients may have undergone moderate-to-high coali-
fication changes. Due to the high contents of the
organic-rich humic and fulvic acids in BCW, its
oxidised and composite derivatives (e.g. humate-,
humalite- and lignite-based preparations) reportedly in-
crease soil nutrient (e.g. N and P) retention
(Leszczyńska and Kwiatkowska-Malina 2011;
Arjumend et al. 2015; Rose et al. 2016) which is con-
trary to our results. However, in line with findings from
this study, other experiments have also found limited N
and P responses to BCW which are reportedly due to
binding with humate ligands (Tahir et al. 2011; Bekele
et al. 2015; Tran et al. 2015). Phosphorus is mostly
available at soil pH of 6.5–7 and, even if present in high
concentrations, may have been predominantly insoluble
due to the high acidity of the studied soil. In contrast,
FYM has been shown elsewhere to substantially in-
crease soil N and P (Mahmood et al. 2017). Additional
evidence of significant long-term P increases from con-
tinuous manure application (≥ 10 years) has been pro-
vided by Chen et al. (2018) and perhaps points to a
steady increase which may not have been perceptible
in this study. Given the importance of N and P for
biomass production, their residual soil contents may
have been greatly impacted by plant uptake.
Fig. 5 Effects of organic amendments on the total N content of
soil for three cropping seasons (2017–2019). Control, unamended
treatment; FYM, farmyard manure; BCW, brown coal waste; BIO,
conifer woodchip biochar; NPK, mineral fertiliser; FYM+NPK,
farmyard manure and NPK; BCW+NPK, brown coal waste and
NPK; BIO+NPK, conifer woodchip biochar and NPK. Bars rep-
resent mean ± standard error of treatment, n = 3. Different letters
indicate significant differences (p < 0.05) between treatments
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Even without significant differences in N contents
across treatments, the C/N value can be used as a sup-
plementary index to measure potential N mineralisation.
Nitrogen mineralisation occurs steadily in soils with C/
N ratios of 5–25, beyond which N immobilisation takes
place (Gao and DeLuca 2016). Thus, soils with C/N
values of 5.6–11.3 are typically N-rich, while complete
OM decomposition occurs in moderately N-rich soils
with C/N values of 15.3–20.6, and the ratio is 37 or
higher for N-deficient soils (Jia et al. 2006; Tisserant
and Cherubini 2019). The calculated C/N values in this
study did not significantly differ across treatments or
seasons and were found in the range 9.36–11.33 (Fig.
S1), which suggests that barring extreme soil distur-
bances, N immobilisation would not be a concern. The
narrow range may also imply that diversity indices of
soil microorganisms actively involved in metabolic pro-
cesses were low across treatments (Lemanowicz et al.
2014).
The FYM amendment led to increases in plant-
available K contents which increased further with
NPK application except in the third season. The
effects of BIO and BCW amendments were sporadic
but led to K increases with NPK in the first and
second year and then reductions, which were greater
for the BIO amendment in the third year (Fig. 7). The
plant-available K contents were increased in the or-
der: FYM > BCW > BIO. Like the total N, the level
of available K content was lower in the second sea-
son. The ease of nutrient release from FYM was
notably greater, thus leading to consistently higher
K increases than from BIO and BCW, and the syn-
ergy with NPK to increase available K is also well
reported (Káš et al. 2016). The K requirements of
most plants, unlike N, are low and can be adequately
supplied through FYM amendment at 12–15 t ha–1
(Magalhães et al. 2016). Therefore, the higher FYM
rate (30 t ha–1) used in this study must be in some
measure responsible for the high available residual
K content in the FYM treatments. Biochar is known
to have high K contents, and this was confirmed by
the K content of BIO being about 3 and 20 times
higher compared with FYM and BCW, respectively
(Table 1). Yet, like BCW, BIO amendment had a
subdued effect on soil available K contents, which
even regressed during the study, while BCW amend-
ment resulted in a steady K accretion. These obser-
vations are supported by others (Tahir et al. 2011;
Gao et al. 2018) and point to slower OM turnover and
nutrient release processes in BIO which are partly
determined by the high lignocellulosic constitution
of the studied material (Novak et al. 2018).
Fig. 6 Effects of organic amendments on the available P content
of soil for three cropping seasons (2017–2019). Control, unamend-
ed treatment; FYM, farmyard manure; BCW, brown coal waste;
BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
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The FYM amendment led to the highest increases in
plant-available Mg (except for a reduction with NPK
addition in the second season) (Fig. 8). Without NPK
addition, the BCW amendment had no effects on Mg in
the first and second years, but improved in the third,
while the effects of NPK were not clearly defined. With
BIO, K increased in the first 2 years but decreased in the
third and led to variable responses with NPK addition.
The pattern of changes in plant-availableMg to BIO and
BCW amendments is similar to that of K where positive
effects of BCW built steadily towards the end of the
study while that of BIO withered. There were no clear
treatment effects on plant-available Ca, but an almost
uniform decline across treatments was notable in the
third year and was higher with NPK addition (Fig. 9).
In agreement with these findings, Kulhánek et al. (2014)
found increased Mg availability from FYM amendment
accompanied by limited effects on available Ca which
appeared to decline towards the end of a 15-year exper-
iment. The highly variable effects of BIO and BCW on
plant-available Ca and Mg lend support to some previ-
ous studies (Schulz and Glaser 2012; Tsetsegmaa et al.
2018) but also contradict others (Ciecko et al. 2015;
Agegnehu et al. 2016). Soil Ca and Mg are greatly
influenced by soil pH as they act as neutralising agents
and compete with acidic cations for binding sites in the
sorption complex. As shown in this study, increased
acidity from NPK addition led to reductions in both
elements which could be attributable to leaching of their
salts (mainly calcium ammonium nitrate) (Kulhánek
et al. 2014).
There were no significant treatment effects on the
total soil S, but a temporal decline was clearly visible
(Fig. 10). Approximately, 20% of total S is present in
the plant-available form, which according to
Lemanowicz et al. (2014) should be about 25.22 mg
kg–1 to ensure a good supply to cereals. From the first to
third seasons of the present study, the respective plant-
available S contents were within the ranges of 27.73–
31.40 mg kg–1, 22.27-25.20 mg kg–1 and 19.20-
23.20 mg kg–1 across all treatments, and therefore indi-
cated a moderate plant supply. However, the declining
levels of S are indicative of the negative impacts of
continuous cropping which were not mitigated by or-
ganic amendments. Binding sites on soil colloids are
preferentially bound by P as opposed to S (Pias et al.
2019). A plausible explanation for the observed tempo-
ral reduction in S could be due to a lopsided competition
Fig. 7 Effects of organic amendments on the available K content
of soil for three cropping seasons (2017–2019). Control, unamend-
ed treatment; FYM, farmyard manure; BCW, brown coal waste;
BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
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between these elements and subsequent leaching of
unbound S beyond the sampling zone considering that
P was several folds higher than S in the soil. Even with a
relatively higher S content than BIO and FYM, BCW
has been shown to have limited impacts on soil S which
could be related to its slow release from the coal mate-
rial. Consequently, S-enriched derivatives of BCWhave
been recommended for the promotion of crop produc-
tivity (Kaya et al. 2020). Other researchers have report-
ed considerable increases in soil S from BIO and FYM
amendments (Lemanowicz et al. 2014; Bista et al.
2019), which contradict findings from this study where
no significant effects were found.
General observations of the residual nutrient contents
reveal a significantly enhanced macronutrient recovery
with FYM (except for N and P), while BIO and BCW
were only slightly more effective than the unamended
control. Combining organic fertilisers with NPK im-
proved available K and total S contents and reduced
Ca andMg availability, which suggests a dependence of
Ca and Mg availability on high soil pH. Positive prim-
ing effects in the second year were inferred from the
declines of soil C contents and pH along with notable
reductions of N, K andMg contents, which indicated the
onset of a slow OM turnover phase, during which the
advantages of a higher soil stability can gradually trans-
late into significant long-term soil benefits.
3.2.3 Nutrient Uptake and Nutritional Quality of Crops
The FYM treatment significantly increased N uptakes
by all crops with further increases from NPK addition,
except for maize uptake which was unaffected. Yet,
there were no treatment effects on the tissue N contents
of all crops (Tables 2 and 3). In the BIO and BCW
treatments, N uptake by all crops increased except for
potato with BIO. The addition of NPK in the BIO and
BCW treatments increased N uptake by barley but had
no effect on potato uptake, whereas for maize, uptake
reduced in the BCW treatment but was unaffected in the
BIO treatment. However, just like FYM, there were no
treatment effects on tissue N contents across all crops.
The effects of the amendments on N uptake across the
three crops were in the order: BCW > FYM > BIO and
resulted in respective 37.9, 34.5 and 25.6% increases in
mean uptakes which increased further with NPK addi-
tion (Table S1). With the lowest C/N value, FYM, as
compared with BCW and BIO, had the highest N
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translated into higher tissue N contents. However, evi-
dence of consistently higher crop yields with FYM
relative to the other amendments lends empirical
support to a strong dilution effect of crop production
on tissue N contents. Also, many plants respond to N
availability by reprogramming their growth through
Fig. 8 Effects of organic amendments on the available Mg con-
tent of soil for three cropping seasons (2017–2019). Control,
unamended treatment; FYM, farmyard manure; BCW, brown coal
waste; BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
Fig. 9 Effects of organic amendments on the available Ca content
of soil for three cropping seasons (2017–2019). Control, unamend-
ed treatment; FYM, farmyard manure; BCW, brown coal waste;
BIO, conifer woodchip biochar; NPK, mineral fertiliser;
FYM+NPK, farmyard manure and NPK; BCW+NPK, brown coal
waste and NPK; BIO+NPK, conifer woodchip biochar and NPK.
Bars represent mean ± standard error of treatment, n = 3. Different
letters indicate significant differences (p < 0.05) between
treatments
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modification of their root structure, vacuolar storage of
N and distribution (Lopez-Arredondo et al. 2013). This
could yet be a reason why irrespective of the amount of
N supplied to soil by each amendment and taken up,
plants adapted themselves to utilise the maximum pos-
sible, differences of which could be inferred from their
respective yields and hence similar tissue N profiles.
However, the low tissue N sensitivity to the studied
amendments is well-reported in the literature (Belay
et al. 2002; Biederman and Harpole 2013; Little et al.
2014).
The FYM treatment increased P uptake by all crops
which increased further with NPK addition in maize but
was unaffected in potato and barley (Table 2). This led
to increased potato tuber P content with no effects on
maize and barley grain contents, while NPK addition
respectively had no effect, increased and reduced P
contents in the crops (Table 3). In the BIO and BCW
treatments, the uptakes of P by all crops increased.
However, NPK addition reduced the potato uptake and
had no effect on barley while leading to respective
increased and reduced maize uptakes in the BCW and
BIO treatments. This led to increases in the P contents of
potato tuber in both treatments, but for maize and barley,
BIO respectively reduced and increased grain P
contents, and these were the opposite in the BCW
treatment. Except for a reduction in barley grain P
content from the BCW amendment, NPK addition had
no effects on the P contents of all crops in the BIO and
BCW treatments. The effects of amendments on P up-
take across the three crops were in the order: BIO >
FYM > BCW and led to respective 62.0, 54.3 and
41.3% increases in mean uptakes which were higher
with NPK (Table S1). The effects of organic amend-
ments on tissue uptake and content of P have been
attributed mainly to the P content of the amendment
material (Kizito et al. 2019). However, the trends ob-
served in this study are inconsistent with the individual
nutrient contents of the organic amendments and sug-
gest a higher P use efficiency with BIO amendment
despite its lower content of P relative to FYM (Table 1).
Amendment with FYM increased K uptakes by
all crops, and with NPK, these were higher but not
significantly different from the control (Table 2).
Consequently, only the K contents of potato tissue
increased, while those for maize and barley grains
were unaffected (Table 3). Addition of NPK in-
creased K in maize grain but reduced the barley
grain contents and did not affect the potato contents.
In the BIO and BCW treatments, K uptakes
Fig. 10 Effects of organic amendments on the total S content of
soil for three cropping seasons (2017–2019). Control, unamended
treatment; FYM, farmyard manure; BCW, brown coal waste; BIO,
conifer woodchip biochar; NPK, mineral fertiliser; FYM+NPK,
farmyard manure and NPK; BCW+NPK, brown coal waste and
NPK; BIO+NPK, conifer woodchip biochar and NPK. Bars rep-
resent mean ± standard error of treatment, n = 3. Different letters
indicate significant differences (p < 0.05) between treatments
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increased uniformly across all crops. The addition of
NPK reduced uptakes by all crops with BIO, where-
as with BCW, uptakes by potato reduced, but both
grain uptakes were unaffected. The BIO and BCW
amendments did not affect the K contents of maize
and barley grains, but increased the potato contents.
Addition of NPK in these treatments, however, re-
duced K contents across all crops. The effects of
amendment on K uptake across the three crops were
in the order: FYM > BIO > BCW and resulted in
respective 40.8, 32.5 and 32.1% increases in mean
uptakes which were higher with NPK (Table S1).
Like P, the uptakes and tissue contents of K across
all crops did not reflect the K contents of the organic
amendments which in the case of BIO was exponen-
tially higher compared with FYM and BCW.
Table 2 The effects of organic amendments on the uptake of macronutrients by maize grain, potato tuber and barley grain (2017–2019
cropping seasons)
Treatment NPK N S P K Mg Ca
kg ha–1
Maize grain
Control No 26.04 ± 6.82 b 1.21 ± 0.18 c 9.46 ± 1.93 b 1.56 ± 0.32 b 0.29 ± 0.05 b 0.10 ± 0.02 b
Yes 51.60 ± 10.39 a 3.23 ± 0.36 a 17.79 ± 4.01 ab 3.34 ± 0.69 a 0.62 ± 0.14 a 0.22 ± 0.07 ab
FYM No 46.59 ± 1.07 ab 1.51 ± 0.15 c 16.60 ± 1.04 ab 2.64 ± 0.21 ab 0.52 ± 0.06 ab 0.19 ± 0.01 ab
Yes 56.38 ± 2.19 a 3.44 ± 0.04 a 18.58 ± 0.77 a 3.43 ± 0.29 a 0.63 ± 0.05 a 0.31 ± 0.03 a
BCW No 47.12 ± 3.37 ab 1.73 ± 0.25 bc 14.58 ± 0.77 ab 2.24 ± 0.27 ab 0.47 ± 0.01 ab 0.19 ± 0.01 ab
Yes 54.59 ± 3.84 a 3.07 ± 0.39 ab 19.09 ± 1.11 a 3.39 ± 0.32 a 0.63 ± 0.04 a 0.32 ± 0.03 a
BIO No 44.68 ± 3.02 ab 1.48 ± 0.40 c 14.01 ± 0.43 ab 2.38 ± 0.13 ab 0.44 ± 0.02 ab 0.18 ± 0.02 ab
Yes 45.35 ± 4.58 ab 2.53 ± 0.22 abc 15.98 ± 1.49 ab 2.91 ± 0.24 ab 0.54 ± 0.04 ab 0.27 ± 0.02 a
LSD0.05 25.48 1.36 8.77 1.69 0.31 0.15
Potato tuber
Control No 75.52 ± 1.75 b 6.66 ± 0.30 a 9.74 ± 1.12 b 87.86 ± 5.30 b 4.61 ± 0.89 cd 5.08 ± 0.71 bc
Yes 96.49 ± 6.35 ab 7.66 ± 1.09 a 16.65 ± 0.65 a 126.39 ± 2.33 a 7.97 ± 0.54 b 7.85 ± 1.35 ab
FYM No 85.16 ± 6.56 ab 6.86 ± 0.82 a 15.52 ± 0.80 a 116.46 ± 3.84 a 6.16 ± 0.52 bc 5.67 ± 0.75 bc
Yes 110.03 ± 1.76 a 9.03 ± 0.68 a 15.91 ± 0.85 a 140.73 ± 12.42 a 19.29 ± 0.24 a 10.05 ± 0.26 a
BCW No 94.50 ± 10.50 ab 7.82 ± 0.41 a 14.48 ± 0.55 ab 117.05 ± 4.54 a 4.27 ± 0.61 cd 3.19 ± 0.53 cd
Yes 97.60 ± 4.55 ab 7.39 ± 0.53 a 14.47 ± 1.37 ab 67.05 ± 1.78 b 2.18 ± 0.40 d 1.44 ± 0.37 d
BIO No 73.27 ± 8.70 b 6.23 ± 0.56 a 15.87 ± 1.43 a 116.06 ± 0.82 a 5.07 ± 0.60 bcd 4.49 ± 0.43 cd
Yes 82.91 ± 6.14 ab 7.38 ± 0.33 a 14.02 ± 1.70 ab 81.40 ± 6.13 b 19.69 ± 1.15 a 8.13 ± 0.13 ab
LSD0.05 31.64 3.14 5.52 28.16 3.30 3.29
Barley grain
Control No 6.06 ± 0.29 d 0.56 ± 0.02 b 5.32 ± 0.41 b 3.21 ± 0.18 b 0.69 ± 0.01 d 0.29 ± 0.06 ab
Yes 9.57 ± 0.19 abcd 0.91 ± 0.11 ab 8.87 ± 0.80 ab 4.24 ± 0.06 a 1.01 ± 0.11 ab 0.17 ± 0.03 b
FYM No 7.43 ± 1.67 bcd 0.68 ± 0.06 ab 7.36 ± 0.52 ab 4.16 ± 0.14 ab 0.88 ± 0.02 bcd 0.34 ± 0.06 ab
Yes 12.22 ± 1.35 ab 1.01± 0.07 a 9.07 ± 0.65 ab 4.22 ± 0.42 a 1.16 ± 0.00 a 0.47 ± 0.05 a
BCW No 6.85 ± 0.36 cd 0.65 ± 0.05 ab 6.74 ± 0.91 ab 4.03 ± 0.19 ab 0.84 ± 0.04 bcd 0.39 ± 0.07 ab
Yes 10.99 ± 1.34 abc 0.95 ± 0.12 ab 8.56 ± 0.98 ab 4.49 ± 0.16 a 1.00 ± 0.04 abc 0.29 ± 0.06 ab
BIO No 7.04 ± 0.55 cd 0.63 ± 0.01 b 9.96 ± 0.58 a 3.88 ± 0.13 ab 0.76 ± 0.00 cd 0.26 ± 0.01 ab
Yes 12.92 ± 0.98 a 1.02 ± 0.07 ab 9.05 ± 1.20 ab 4.18 ± 0.11 ab 1.00 ± 0.07 abc 0.32 ± 0.03 ab
LSD0.05 4.88 0.36 3.89 0.98 0.25 0.24
Control, unamended treatment; FYM, farmyard manure; BCW, brown coal waste; BIO, conifer woodchip biochar; NPK, mineral fertiliser.
Values represent mean ± standard error of treatment, n = 3. Different letters indicate significant differences (p < 0.05) between treatment
means
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Instead, uptakes were higher with FYM than BIO
which again is indicative of the ostensibly greater
sorption and slow-release mechanisms of BIO for K.
However, in potato which is known to be ‘K-lov-
ing’, the organic amendments, including FYM,
failed to increase tuber K contents to within the
critical sufficiency range of 2.2–2.5% DM (22–
25 g kg–1) proposed by Naumann et al. (2020). Crop
nutrient composition is a result of an interplay of
complex interactions in soil and redistribution in
tissues, and especially for K, increased soil avail-
ability does not correspond to increased plant tissue
Table 3 The effects of amendments on the macronutrient contents of maize grain, potato tuber and barley grain (2017–2019 cropping
seasons)
Treatment NPK Total
N S P K Mg Ca
g kg–1
Maize grain
Control No 1.67 ± 0.12 a 0.08 ± 0.01 a 5.24 ± 0.13 b 1.02 ± 0.01 a 0.19 ± 0.01 a 0.06 ± 0.00 b
Yes 1.54 ± 0.08 a 0.10 ± 0.02 a 6.25 ± 0.12 ab 1.00 ± 0.02 a 0.18 ± 0.01 a 0.06 ± 0.01 ab
FYM No 1.90 ± 0.08 a 0.06 ± 0.01 a 5.31 ± 0.09 b 1.07 ± 0.02 a 0.21 ± 0.01 a 0.07 ± 0.00 ab
Yes 1.61 ± 0.11 a 0.10 ± 0.01 a 6.72 ± 0.34 a 0.97 ± 0.04 a 0.18 ± 0.01 a 0.09 ± 0.00 ab
BCW No 1.84 ± 0.15 a 0.07 ± 0.01 a 5.65 ± 0.40 ab 0.88 ± 0.11 a 0.19 ± 0.01 a 0.09 ± 0.00 ab
Yes 1.61 ± 0.08 a 0.09 ± 0.01 a 5.69 ± 0.31 ab 1.00 ± 0.02 a 0.19 ± 0.01 a 0.09 ± 0.01 a
BIO No 1.93 ± 0.04 a 0.06 ± 0.01 a 5.28 ± 0.20 b 0.96 ± 0.01 a 0.19 ± 0.01 a 0.08 ± 0.01 ab
Yes 1.50 ± 0.10 a 0.08 ± 0.00 a 6.06 ± 0.13 ab 0.96 ± 0.01 a 0.18 ± 0.00 a 0.09 ± 0.00 ab
LSD0.05 0.49 0.05 1.18 0.23 0.04 0.03
Potato tuber
Control No 1.14 ± 0.05 a 0.10 ± 0.00 a 1.46 ± 0.17 b 13.26 ± 1.13 ab 0.69 ± 0.12 cde 0.77 ± 0.13 abc
Yes 1.27 ± 0.09 a 0.10 ± 0.01 a 2.19 ± 0.07 ab 16.64 ± 0.19 a 1.05 ± 0.06 c 1.03 ± 0.17 ab
FYM No 1.13 ± 0.07 a 0.09 ± 0.01 a 2.06 ± 0.14 ab 15.45 ± 0.86 ab 0.82 ± 0.07 cd 0.75 ± 0.09 abc
Yes 1.24 ± 0.05 a 0.10 ± 0.01 a 1.80 ± 0.14 ab 15.82 ± 1.13 a 2.17 ± 0.05 b 1.33 ± 0.03 a
BCW No 1.25 ± 0.06 a 0.10 ± 0.00 a 1.95 ± 0.19 ab 15.61 ± 0.46 a 0.56 ± 0.05 de 0.42 ± 0.05 cd
Yes 1.29 ± 0.06 a 0.10 ± 0.01 a 1.91 ± 0.17 ab 8.84 ± 0.26 c 0.28 ± 0.05 e 0.19 ± 0.05 d
BIO No 1.06 ± 0.08 a 0.09 ± 0.00 a 2.32 ± 0.20 a 17.01 ± 0.78 a 0.74 ± 0.06 cd 0.65 ± 0.05 bc
Yes 1.18 ± 0.10 a 0.11 ± 0.01 a 1.99 ± 0.22 ab 11.61± 0.97 bc 2.80 ± 0.17 a 1.16 ± 0.03 a
LSD0.05 0.35 0.04 0.83 3.92 0.44 0.43
Barley grain
Control No 0.85 ± 0.05 a 0.08 ± 0.00 a 7.46 ± 0.52 b 4.50 ± 0.25 a 0.96 ± 0.02 a 0.41 ± 0.08 a
Yes 1.03 ± 0.02 a 0.10 ± 0.01 a 9.60 ± 1.07 ab 4.57 ± 0.13 a 1.09 ± 0.13 a 0.19 ± 0.03 a
FYM No 0.85 ± 0.18 a 0.08 ± 0.01 a 8.44 ± 0.41 b 4.79 ± 0.25 a 1.01 ± 0.05 a 0.40 ± 0.08 a
Yes 1.16 ± 0.13 a 0.10 ± 0.01 a 8.57 ± 0.58 b 3.98 ± 0.36 a 1.10 ± 0.01 a 0.44 ± 0.05 a
BCW No 0.81 ± 0.03 a 0.08 ± 0.00 a 7.93 ± 0.88 b 4.76 ± 0.25 a 0.99 ± 0.04 a 0.33 ± 0.09 a
Yes 1.09 ± 0.11 a 0.09 ± 0.01 a 8.48 ± 0.90 b 4.45 ± 0.08 a 0.99 ± 0.03 a 0.29 ± 0.05 a
BIO No 0.90 ± 0.07 a 0.08 ± 0.00 a 12.72 ± 0.77 a 4.95 ± 0.18 a 0.97 ± 0.01 a 0.33 ± 0.02 a
Yes 1.29 ± 0.08 a 0.10 ± 0.00 a 8.99 ± 0.77 ab 4.21 ± 0.31 a 0.99 ± 0.02 a 0.32 ± 0.01 a
LSD0.05 0.48 0.04 3.74 1.10 0.26 0.29
Control, unamended treatment; FYM, farmyard manure; BCW, brown coal waste; BIO, conifer woodchip biochar; NPK, mineral fertiliser.
Values represent mean ± standard error of treatment, n = 3. Different letters indicate significant differences (p < 0.05) between treatment
means
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K contents, but, rather, increased tissue Mg contents
according to White et al. (2009). This is consistent
with observations from the second year of this study
where the highest plant-available K content found in
the FYM treatments did not affect tuber K content
but led to increased potato tuber Mg content.
The FYM treatment increased Ca uptake in maize
and had no effects on potato and barley, but NPK
significantly increased uptakes in all crops (Table 2).
This led to higher Ca contents in maize and potato (with
NPK) but no effect on barley (Table 3). The BIO and
BCW treatments did not affect Ca uptakes by potato
which increased in maize and decreased in barley. Ex-
cept for a reduction in the BCW treatment, NPK addi-
tion did not affect Ca uptakes by all crops. There were
no effects of BIO and BCW on maize and barley grain
Ca contents. However, BIO increased the Ca content of
potato tuber, which was decreased by the BCW amend-
ment. The addition of NPK had no clear effects on the
tissue contents of all crops. Generally, the effects of
amendment on Ca uptake across the three crops were
in the order: FYM > BCW > BIO and led to respective
38.3, 21.7 and 17.3% increases in mean uptakes which
were higher with NPK (Table S1). The FYM treatment
increased Mg uptakes in all crops which increased fur-
ther with NPK except for maize where no effect was
found (Table 2). However, the Mg content only in-
creased in potato tuber, with no effects on the maize
and barley grains, both with and without NPK (Table 3).
Except for potato which had a lower Mg uptake in the
BCW treatment, uptakes were increased across crops in
the BIO and BCW treatments with no clear effects from
NPK addition. The Mg contents of potato were higher
with BIO but lower with BCW compared with the
control, whereas no effects on the maize and barley
contents were found. The effects of amendment on
uptakes of Mg across the three crops were in the
order: FYM > BCW > BIO and led to respective
43.9, 23.4 and 21.6% increases in mean uptakes
which were higher with NPK (Table S1). While the
FYMwas the most efficient for increasing the uptakes
of Ca and Mg, the preferential increase in the uptake
of Mg over Ca by BIO was observed and has been
previously suggested by Syuhada et al. (2016) who
reported respective increases and declines in maize
grain Mg and Ca contents with biochar amendment.
Relative to the other nutrients, the lower Ca and Mg
uptakes and the resultant tissue contents from the
amendments were attributable to antagonistic effects
of K, which is in agreement with findings by other
researchers (Butnan et al. 2015), especially consider-
ing the high uptakes of K by the studied crops. In
addition, the movements and uptakes of Mg and Ca in
soil are predominantly via mass flow and passive
transport (El-Ramady et al. 2014). These, compared
with corresponding diffusive and active transport
mechanisms for N, P and K which are also required
by plants in higher quantities, may provide additional
explanation for the lower uptakes and tissue contents
of the former group (Tables 2 and 3).
In the FYM treatments both with and without NPK
addition, there were no increases in S uptakes by maize
and barley, while uptakes by potato increased, but there
were no effects on the tissue contents of all the crops
(Tables 2 and 3). Except for maize which had reduced
uptake with NPK, there were no effects of BIO on crop
S uptakes both with and without NPK. The BCW treat-
ment increased maize and barley uptakes but had no
effect on potato uptake, whereas NPK reduced maize
uptake but had no effects on potato and barley. There
were, however, no effects of BIO and BCW on the S
contents of all crop tissues. Altogether, the effects of
amendments on the uptakes of S by all crops were in the
order: BCW > FYM > BIO and resulted in respective
23.4, 13.3 and 7.1% increases in mean uptakes which
were higher with NPK (Table S1). Increased soil S
availability reportedly increases plant S uptakes and
contents (Orman and Ok 2012). However, considering
Fig. 11 Maize yield (dry matter) under different organic amend-
ments. Control, unamended treatment; FYM, farmyard manure;
BCW, brown coal waste; BIO, conifer woodchip biochar; NPK,
mineral fertiliser. Bars represent mean ± standard error of treat-
ment, n = 3. Different letters indicate significant differences (p <
0.05) between treatments
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the insignificant impacts of all organic amendments on
residual S content, the clearest hint for the high S up-
takes in the BCW treatments is the high S content of
BCW relative to FYM and BIO (Table 1).
The single application of organic amendments, com-
pared with the positive interactive effects from their
combination with NPK fertilisation, led to higher nutri-
ent uptakes. Although tissue nutrient contents were gen-
erally not responsive to amendments, deficiencies were
higher in the organic-only treatments, especially with
BIO and BCW due to a higher nutrient sorption and,
consequently, lower soil availability as observed in this
study. Responses of the nutrient contents of maize
leaves and barley straw have been provided in
Table S2. From a short-term perspective, the FYM
treatments had overall the highest nutrient use efficien-
cy, which was also substantially improved for N, P, K
and S with BCW and then P and K with BIO. Similarly,
Syuhada et al. (2016) reported increased N, Mg and Ca
deficiencies with biochar when applied to soil without
inorganic fertilisers. Although a drawback in the short-
term (compared with FYM), the low nutrient release
rates of the carbonised organic amendments, especially
of BIO, is indicative of potential long-term benefits that
can be supplemented through rationing with NPK.
3.2.4 Crop Yield
Significant maize yield responses were observed in all
treatments both with and without NPK application,
leading to respective yield increases of 133.3 and
62.5% with FYM, 125.0 and 68.9% with BCW and
then 98.7 and 52.76% with BIO in the first year (Fig.
11). The maize yield increase from the NPK (only)
treatment was 122.6%. In the second year, potato yield
increases were 33.3 and 13.4% with FYM, 13.9 and
12.9% with BCW and then 5.4 and 2.8% with BIO. The
potato yield increase from the NPK (only) treatment was
14.0% (Fig. 12). In the third year, barley yield increases
were 48.5 and 22.2% with FYM, 41.5 and 18.7% with
BCW and then 40.4 and 9.9%with BIO, whereas 30.4%
from the NPK (only) treatment (Fig. 13).
Similar to our results, there are other well-
documented reports of improved yields of a range of
crops from typical application rates (10–40 t ha–1) of
FYM, BCW and BIO (Shakoor et al. 2015; Eprikashvili
et al. 2016; Faloye et al. 2017; Akimbekov et al. 2020),
although some have reported remote or negative yield
responses (Diacono and Montemurro 2011; Tahir et al.
2011; Jeffery et al. 2017; Chen et al. 2018; Kováčik
et al. 2016). From a range of crops grown in acidic soils,
it was reported that biochar amendment led to a median
yield increase of 20% (Jeffery et al. 2017), while com-
post amendment resulted in maximum yield increases of
13.6%, and thus the mean increases in yields of maize,
potato and barley from FYM (32.7%), BCW (33.5%)
and BIO (21.8%) amendments in this study compare
well. The mean yield increases, as expected, were sig-
nificantly higher with NPK addition in the FYM
(71.7%), BCW (60.1%) and BIO (48.2%) treatments
due to positive interactive effects between organic
amendments and NPK which increased nutrient use
efficiency. This is consistent with other findings on
grain and tuber crops (including our test crops) which
reported lower yield increases from organic (only) treat-
ments compared with inorganic fertiliser treatments, but
substantially higher when organic and inorganic
fertilisers were combined (Faloye et al. 2017; Chen
et al. 2018). However, there were some instances (maize
and potato) where yields from NPK only were higher
than those from the BIO+NPK treatment (Figs. 11 and
12). Other studies have also found negative or no inter-
active yield effects from the combined use of biochar
and NPK (Jeffery et al. 2011; Martinsen et al. 2014).
This could imply a stronger sorption and slower release
of the yield-limiting nutrients by BIO relative to BCW
and FYM. In addition, the biological N immobilisation
potential, which is higher in BIO compared with BCW
and FYM (Table 1), has been suggested in previous
Fig. 12 Potato yield (dry matter) under different organic amend-
ments. Control, unamended treatment; FYM, farmyard manure;
BCW, brown coal waste; BIO, conifer woodchip biochar; NPK,
mineral fertiliser. Bars represent mean ± standard error of treat-
ment, n = 3. Different letters indicate significant differences (p <
0.05) between treatments
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studies as a reason for lower yields from BIO (Sika
2012; Syuhada et al. 2016). An interesting observation
was that when applied alone, BCW, with relatively
lower nutrient contents, had a comparable mean yield
increase to FYM, thus indicating ancillary soil quality
benefits of BCW. Although FYM was more effective
when combined with NPK, this is promising for BCW
and provides credence to its use as a fertiliser but will
require further validation from longer studies using a
range of crops. Also notable with regard to the
carbonised amendments are their extremely low
heavy metal contents (Table 1) which ensured negli-
gible phytotoxicity risks on crop productivity con-
trary to other studies on BCW applications which
have reported severe effects of heavy metal contami-
nation on crop yield (Leszczyńska and Kwiatkowska-
Malina 2011; Nzediegwu et al. 2019).
In the present study, there were high yield increases
(maize and barley) despite minimal treatment effects on
the limiting nutrients, N and P. This corroborates the
Liebscher theory, formalised by the Michaelis-Menten
model which recognises other soil parameters as co-
limiting plant growth factors, among which positive
interaction can lead to increased production even at
suboptimal levels of the main limiting factors (Nijland
and Schouls 1997). Further support to the multifactorial
treatment effects can be deduced from the correlations
between crop yields and macronutrient contents of soil
and plant tissues, which were mostly weak and had no
clear trends (Fig. S2–4). This, however, was expected
due to the continuous cycling of nutrients from soil
through plant uptake and their subsequent redistribution
in tissues for biomass production.
3.3 Holistic Assessment
In addition to the soil quality, environmental and agro-
nomic benefits, the selection criteria for organic amend-
ments must integrate factors such as material availabil-
ity, cost, application needs, safety compliance and sus-
tainability (Table 4). For instance, due to the high mois-
ture content and poor field conditions of FYM, it cannot
be stored near water courses or applied during winter,
whereas the relatively lower moisture contents of BIO
and BCW and ease of water evaporation upon exposure
to air allow for a more conducive and year-round field
storage and application (Krol-Domańska and Smolinska
2012; Sahoo et al. 2016). This also implies a relatively
higher load of pathogenic microorganisms in FYM
which carry environmental and public health risks and
increased costs when treated (e.g. anaerobic digestion)
prior to land application (Nag et al. 2020). Biochar can
be produced from a myriad of feedstock (e.g. farm and
municipal wastes), and the gradual shift from coal to
more sustainable energy sources has created large global
reserves of BCW, and hence, like FYM, these
carbonised amendments have worldwide applicability
(Amoah-Antwi et al. 2020a; Barros et al. 2020). There-
fore, the utilisation of variable sources of organic
amendments such as BIO and BCW contributes to the
recovery and valorisation of organic wastes which have
implications for the circular economy and sustainability
(Barros et al. 2020; Pranagal and Kraska 2020).
Biochar and BCW are more soil-stable than FYM,
and therefore, soils would have lower long-term ap-
plication needs and better environmental health pros-
pects, which have both labour- and cost-saving bene-
fits. Due to the retention and slow nutrient release
mechanisms of biochar and BCW, they are also es-
sential for addressing the problem of low nutrient use
efficiency (30–35%) in arable cropping systems
(Galloway et al. 2008; Li et al. 2019) to save on
inorganic fertiliser costs. Particularly, the additional
cost-benefits of BCW use is a reason for its emer-
gence as a soil amendment especially in Eastern Eu-
rope (e.g. Poland and Slovakia) and Australia
(Kwiatkowska et al. 2008; Rose et al. 2016). For
example , the Greenpower Ene rgy Limi ted
Fig. 13 Barley yield (dry matter) under different organic amend-
ments. Control, unamended treatment; FYM, farmyard manure;
BCW, brown coal waste; BIO, conifer woodchip biochar; NPK,
mineral fertiliser. Bars represent mean ± standard error of treat-
ment, n = 3. Different letters indicate significant differences (p <
0.05) between treatments
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(ASX:GPP), Australia, produces a BCW bio-fertiliser
via an environmentally friendly oxidative hydrother-
mal dissolution process at just 10% of the cost of
traditional fertilisers (Next Investors 2017). The
cost-benefits of replacing manure with BCW from
the net shift in CO2 and NH3 emissions (and abated
cost of transport) is estimated to be AUD$18–256 per
cattle per year at BCW application rate of 6 kg m−2
Table 4 Overview of environmental, agronomic and economic factors for the holistic assessment of organic amendments used in cropping
systems
BIO, woodchip biochar; BCW, brown coal waste; FYM, farmyard manure; GHG, greenhouse gas; VOCs, volatile organic compounds;
PAHs, polycyclic aromatic hydrocarbons. Irrespective of the connotation of a factor, a check ( ) indicates an advantageous quality/effect of
the corresponding amendment while a cross ( ), a disadvantage
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(Ng et al. 2020). For biochar produced from wood like
BIO used in the present study, the net avoided green-
house emissions per dry tonne of feedstock converted
into biochar is estimated to be 45–366 kiloton
(Teichmann 2015), and this has significant abatement
cost-benefits.
4 Conclusions
Our findings indicated that compared with FYM, bio-
char and BCW applications have longer-lasting soil
quality benefits, lower pollution and environmental
footprints and then greater safety and sustainability in-
dices which are associated with reduced net abatement
costs. Results from the agronomic field trial showed
crop yield increases from BIO and BCW treatments to
be at least 20%with or without NPK addition. Although
these were slightly lower compared with FYM, the
greater soil stability of BIO and BCW has potential
advantages in terms of sustainable long-term productiv-
ity. Environmental and agricultural ecosystems are
closely knit and overlap in several aspects with links to
economics, and therefore, preliminary risk-benefit as-
sessments of new management approaches (e.g. organic
amendment use) by stakeholders including agronomists,
environmentalists and policymakers should be holistic.
From an integrated and sustainable agroecosystem per-
spective, BIO and BCW provide several advantages
over FYM, and therefore, their merits for soil manage-
ment should be explored by future studies.
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